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Surface spin waves in thin Permalloy films are studied by means of propagative spin wave spec-
troscopy. We observe a systematic difference of up to several tens of MHz when comparing the
frequencies of counter-propagating waves. This frequency non-reciprocity effect is modeled using an
analytical dipole-exchange theory that considers the mutual influence of non-reciprocal spin wave
modal profiles and differences in magnetic anisotropies at the two film surfaces. At moderate film
thickness (20 nm and below), the frequency non-reciprocity scales linearly with the wave vector and
quadratically with the thickness, whereas a more complex non-monotonic behavior is observed at
larger thickness. Our work suggests that surface wave frequency non-reciprocity can be used as an
accurate spectroscopic probe of magnetic asymmetries in thin ferromagnetic films.
INTRODUCTION
The development of new types of microwave devices
and logic elements based on propagating spin waves cur-
rently attract the efforts of many research groups [1–7].
One of the most peculiar properties of spin waves in
thin films is the non-reciprocal propagation, which oc-
curs when the spin wave wave vector k and the equilib-
rium magnetization Meq lie in the film plane, perpen-
dicular to each other. In this so-called magnetostatic
surface wave (MSSW) configuration the amplitude and
the modal profile of counter-propagating spin waves may
differ considerably. This specific property might be an
advantage for building nonreciprocal microwave devices
such as isolators or circulators. Interestingly, the fre-
quencies of the two counter-propagating spin waves also
differ from each other as soon as the top/bottom sym-
metry of the ferromagnetic film is broken. This occurs
when a metallic ground plane is brought in vicinity to
one of the film surfaces [8], the saturation magnetization
of the film is inhomogeneous [9], the magnetic surface
anisotropies at the two film surfaces are different [10, 11],
or when an electrical current flows in the film (Oersted
field effect) [12]. While such frequency non-reciprocity
has been predicted theoretically and observed experimen-
tally in some very specific cases, a dedicated investigation
of this phenomenon is still needed. Recently, this became
particularly relevant with several reports on the extrac-
tion of the magnitude of the interfacial Dzyaloshinskii-
Moria interaction (iDMI) from MSSW measurements in
ultrathin films [13–16]. Indeed, when included into the
Landau-Lifshitz equation of motion, iDMI translates di-
rectly into a frequency non-reciprocity [17, 18]. However,
this effect always combines with the effect that we will
discuss in the present paper, because both contributions
to the spin wave frequency obey the same symmetry (odd
in wave vector k and applied field H0). Therefore, it is of
primary interest to determine precisely the magnitude of
the frequency non-reciprocity induced by asymmetries of
the magnetic properties across the film thickness, so as to
be able to disentangle it from the iDMI non-reciprocity
[15]. In this article, we report systematic measurements
of spin wave frequency non-reciprocity in thin Permalloy
(Py) films. These measurements are interpreted with the
help of a simple analytical theory accounting for different
surface anisotropies at the top and bottom film surfaces.
EXPERIMENT
For this work, Al2O3(21 nm)/Py(t)/Al2O3(5 nm) tri-
layers with t = 6−40 nm have been sputter-deposited on
intrinsic silicon substrates. Then, propagating spin wave
spectroscopy devices consisting of a 2 − 8 µm wide fer-
romagnetic strip and a pair of microwave antennas have
been fabricated using standard lithography processes, as
described in Refs. 12 and 19. The operational princi-
ple of our PSWS measurements is sketched in Fig. 1(a).
An external magnetic field H0 is applied across the strip
in order to set the equilibrium magnetization Meq in
the MSSW geometry. From the microwave transmission
between the two antennae, one extracts the mutual in-
ductances ∆L12 and ∆L21, which correspond to a spin
wave propagating with k > 0 and k < 0 respectively.
In figure 1(c), which shows typical spin wave spectra,
one can clearly see that the wave propagating from an-
tenna 1 to antenna 2 (∆L21) is slightly shifted in fre-
quency with respect to that propagating in the oppo-
site direction (∆L12). In this example, one measures
a frequency non-reciprocity fNR = f12 − f21 = 32 ± 2
MHz [20]. We performed similar measurements for 12
devices with varying film thickness t and wave vector
k = (1.5, 3.1, 3.9, 7.8) µm−1. As in Refs. 7 and 12, we use
data corresponding to both the main and the secondary
peaks of the Fourier transform of the antenna geometry,
and we use two different antenna pitches. This provides
us with the four values of k. The results are reported as
symbols in Fig. 2. One observes a very strong dependence
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2of fNR on wave vector and film thickness. For t ≤ 20 nm,
the frequency non-reciprocity increases linearly with in-
creasing k, whereas for t = 40 nm, it first increases and
then seems to saturate beyond 3.9 µm−1. fNR depends
strongly on the film thickness too, as shown in the in-
set of Fig. 2, where the data for 7.8 µm−1 are plotted
as a function of t on a semi-logarithmic scale. On the
other hand, it depends neither on the stripe width (e.g.
the data points for widths of 4 and 8 µm at t = 10 nm
and k = 3.9 µm−1 coincide exactly) nor on the mag-
nitude of the applied field. As expected from the sym-
metry of MSSW non-reciprocity (see below), the effect
systematically switches sign when H0 (and consequently
Meq) is reversed (see Fig. 2 in Ref 12). Thus, our main
experimental finding is the observation of frequency non-
reciprocities in the range of 3 to 49 MHz with a strong
dependence on wave vector and film thickness. Before
presenting the theoretical framework which will allow us
to interpret these data, let us explain qualitatively the
origin of the measured frequency non-reciprocity.
THEORY
Qualitative interpretation
As was mentioned at the beginning, frequency non-
reciprocity originates from the mutual influence of two
factors: an intrinsic non-reciprocity of the modal profile
and an asymmetry of the magnetic film properties. The
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FIG. 1. (a) Schematic representation of the PSWS experi-
ment in a Py strip: the spin wave is excited by a microwave
current flowing in the emitting antenna. It propagates to-
wards the receiving antenna. The asymmetric spin wave
modal profiles across the film thickness are shown for k > 0
and k < 0 (b) Sketch of the dipolar field lines across half a
wavelength for k > 0 and Meq along +y. Solid and open ar-
rows indicate the directions of the mx and mz components of
the dynamic magnetization. (c) Mutual-inductance spectra
of a 40 nm thick Py strip for k > 0 (solid line) and k < 0
(dashed line) at µ0H0 = 37 mT and |k| = 3.86 µm−1.
FIG. 2. Measured frequency non-reciprocity as a function
of wave vector for t = 6 nm (squares), t = 10 nm (trian-
gles down), t = 14 nm (triangles up), t = 20 nm (circles),
and t = 40 nm (diamonds). Solid lines show predictions of
our model (Eq. 7) for Kbots = 0.15 mJ/m
2, Ktops = −0.05
mJ/m2, A = 11.5 pJ/m, µ0Ms = 1 T, µ0H0 = 37 mT,
γ/2pi = 29.02 GHz/T. (Inset) Same data plotted as a func-
tion of film thickness for k = 7.8 µm−1. The dashed lines are
obtained when including iDMI (Ds = −0.04 mJ/m2, see text
for details), only for t = 6 nm in the main panel.
origin of the modal profile non-reciprocity can be under-
stood by examining the spatial distribution of the dipolar
field generated by the dynamic magnetization. A sketch
of how the oscillating magnetization is distributed across
half a spin wave wavelength is shown in Fig. 1(b) for
k > 0 and Meq along +y . Both mx and mz components
of the dynamic magnetization (solid and open arrows, re-
spectively) create magnetic poles which in turn generate
a dynamic dipolar field (solid and dashed lines, respec-
tively). In the upper half of the film the components of
the dipolar field created by mx and mz add up, whereas
they subtract in the lower half. As a result, for k > 0,
the dipolar field is larger in the upper half. For k < 0,
the situation is reversed: as m rotates the other way
round in the (x, z) plane, the total dipole field is larger
in the lower half of the film. This non-reciprocal asym-
metry of the dynamic dipolar field is at the origin of the
modal profile non-reciprocity: to build a true spin wave
eigenmode, the dynamic magnetization has a tendency to
compensate the dipole field asymmetry by increasing its
amplitude on one side of the film (top or bottom depend-
ing on the sign of k). Note that the mode localization will
be reversed if the equilibrium magnetization is switched
along −y.
Let us assume now that the magnetic properties are
asymmetric across the thickness of the film, i.e. the dy-
namic and/or static effective fields are different in the top
and bottom halves of the film cross-section. Quite natu-
rally, the wave having larger amplitude in the half with
higher effective field will oscillate at higher frequency
3than the wave having larger amplitude in the half with
lower effective field, thus leading to the frequency non-
reciprocity. This is illustrated in Fig. 1(a) in the case of a
homogeneous ferromagnetic film having out-of-plane uni-
axial surface anisotropies of different magnitudes on both
sides (Ktops and K
bot
s ). Such a situation is expected to
be quite common. Indeed, most ferromagnetic film inter-
faces exhibit sizeable out-of-plane surface anisotropies,
and their values are strongly dependent both on the
composition of the adjacent non-magnetic layer and on
the details of the interface structure (intermixing, rough-
ness...).
Quantitative interpretation
For a quantitative estimate of the frequency non-
reciprocity, we now resort to the theory of dipole-
exchange spin waves [21, 22]. We have recently revis-
ited this theory to understand the MSSW modal non-
reciprocity in thin ferromagnetic metal films [23] and
to describe the non-reciprocal Oersted field induced fre-
quency shift [12]. In this paragraph, we will summa-
rize the essential ingredients of this theory and introduce
asymmetric surface anisotropies to derive an expression
of the frequency non-reciprocity. The coordinate system
used is shown in Fig. 1(a): the x-axis is perpendicular to
the film surface, the y-axis is along the applied magnetic
field H0, and the z-axis coincides with the direction of
propagation of the spin wave. To describe the magneti-
zation dynamics in the film, we start with the linearized
Landau-Lifshitz equation for plane spin waves of the form
m = m0e
i(ωt−kz):
iωm = γµ0H0uy ×m− γµ0Msuy × h, (1)
where m and h are the dynamic components of the mag-
netization and effective field, respectively, γ is the gy-
romagnetic ratio, µ0 is the permittivity of vacuum, and
Ms is the saturation magnetization. Note that vectors m
and h have only two non-vanishing components (mx,mz)
and (hx, hz), respectively.
The total dynamic field in Eq. 1 may be written as
h(x)=
2A
µ0M2s
(
∂2
∂x2
− k2)m(x) +
∫ t
0
dx′Gk(x− x′)m(x′)
+
2
µ0M2s
ux(K
bot
s δ(x)mx(0) +K
top
s δ(x− t)mx(t)), (2)
where A is the exchange stiffness constant and Gk is the
magnetostatic Green’s function. The first and second
terms correspond to the exchange and dipolar fields re-
spectively, and the last term describes the effective field
generated by a uniaxial out-of-plane surface anisotropy at
the top (Ktops ) and bottom (K
bot
s ) surfaces [24]. Note the
difference with the approach by Kalinikos and Slavin [22],
where the surface anisotropies were treated as boundary
conditions setting the exact form of the pinned exchange-
modes forming the basis for the expansion. In the present
case, we treat the surface anisotropy as an additional ef-
fective field affecting the unpinned exchange-modes. This
perturbation approach simplifies the calculations a lot. It
is well justified for a wide range of parameters, as we will
see below.
Next, we expand the dynamic magnetization profile
across the film thickness m(x) into a Fourier series form-
ing an orthonormal basis of functions, and keep only
terms up to first order
m = m0xux+m
0
zuz+m
1
x
√
2 cos(
pix
t
)ux+m
1
z
√
2 cos(
pix
t
)uz+...
(3)
This expansion can be interpreted as a projection of m
onto the first two unpinned exchange modes [21, 22]: the
n = 0 FMR mode with a uniform profile and the so-
called first perpendicular standing spin wave mode n = 1
(PSSW1), which has an antisymmetric profile across the
film thickness. The higher order terms in the Fourier
series, which correspond to higher order PSSW modes
(n = 2 and above) can be safely neglected because of
their much higher frequencies [23].
Using the four terms of Eq. 3 as a basis set, Eq. 1 may
be rewritten as a matrix eigenvalue equation, iΩm¯ = C¯m¯
where Ω = ω/(γµ0Ms) is the dimensionless frequency,
m¯ = (m0x,m
0
z,m
1
x,m
1
z), and C¯ is the 4× 4 dynamic ma-
trix, which writes:
C¯ =
(
C¯00 C¯01
C¯10 C¯11
)
=

0 Ω0z −iQ 0
−Ω0x 0 −δ iQ
iQ 0 0 Ω1z
−δ −iQ −Ω1x 0
 , (4)
with
Ω0x= 1− P00 − ε+ h+ Λ2k2,
Ω0z= P00 + h+ Λ
2k2,
Ω1x= 1− P11 − 2ε+ h+ Λ2k2 +
Λ2pi2
t2
,
Ω1z= P11 + h+ Λ
2k2 +
Λ2pi2
t2
.
Here, h = H/Ms is the dimensionless applied field, and
Λ = (2A/µ0M
2
s )
1/2 is the exchange length. The differ-
ent terms in the C¯ matrix correspond to the projections
of the different contributions to the effective field onto
the four basis functions of Eq. 3. More precisely, P00 =
1 − 1−e−ktkt and P11 = (kt)
2
pi2+(kt)2 (1 − 2(kt)
2
pi2+(kt)2
1+e−kt
kt ) are
self-demagnetizing factors describing the average dipole
field generated by the in-plane component of the uniform
and PSSW1 modes, respectively. On the other hand,
Q =
√
2kt
pi2+(kt)2 (1 + e
−kt) is a mutual demagnetizing fac-
tor describing the dipolar interaction between n = 0 and
n = 1 basis functions. It corresponds precisely to the
effect sketched in Fig. 1(b), namely an antisymmetric
4in-plane dipole field component generated by a uniform
out-of-plane magnetization component. The Λ2k2 and
Λ2pi2/t2 terms are the exchange contributions. Finally,
ε = 2tµ0M2s
(Kbots + K
top
s ) and δ =
2
√
2
tµ0M2s
(Kbots − Ktops )
are matrix elements related to the sum and the difference
of the two surface anisotropies. The four 2 × 2 blocks
composing the dynamic matrix have a direct interpreta-
tion: C¯00 (resp. C¯11) is the dynamic matrix obtained by
imposing a uniform (resp. PSSW1) profile for the mag-
netization across the film thickness. The corresponding
eigenvalues Ω00 =
√
Ω0xΩ
0
z (resp. Ω11 =
√
Ω1xΩ
1
z) are
Kittel-like expressions of the mode frequencies in this
approximation. The off-diagonal blocks C¯01 = C¯
∗
10 de-
scribe the hybridization between the uniform and PSSW1
modes brought in both by the magnetic asymmetry δ
and by the non-reciprocal dipole term Q. Solving for
det(C¯− iΩ1¯) = 0, where 1¯ is the identity matrix, one can
write the dispersion relation for MSSWs in the following
form:
(Ω20 − Ω2)(Ω21 − Ω2) + 2δQΩ(Ω1z − Ω0z) = 0, (5)
where
Ω20,1 =
Ω200 + Ω
2
11
2
−Q2∓
1
2
√
(Ω211 − Ω200)2 − 4Q2((P00 − P11)2 +
Λ4pi4
t4
) (6)
are the spin wave eigenfrequencies obtained for δ = 0.
Considering the product δQ as a small parameter, we get
the following expression for the frequency shift induced
by the magnetic asymmetry:
∆Ω0 = δQ
Ω1z − Ω0z
Ω21 − Ω20
. (7)
This expression constitutes the main theoretical finding
of this paper. Q being odd in k, this frequency shift
changes sign when k is reversed so that it corresponds
effectively to a frequency non-reciprocity ΩNR = Ω0(k <
0) − Ω0(k > 0) = −2∆Ω0. This frequency shift scales
linearly with the difference in surface anisotropies. It
is also inversely proportional to the difference between
the two unperturbed spin wave frequencies Ω0 and Ω1,
as expected from first order perturbation theory. As al-
ready noticed in the case of the Oersted field induced
non-reciprocity [19], this frequency difference is governed
by the exchange interaction, which tends to prevent hy-
bridization. It is therefore essential to take exchange into
account. An exchange-free theory would indeed predict
unrealistic modal profiles, resulting in frequency non-
reciprocities of incorrect amplitude and sometimes even
of the wrong sign (see the discussion in Refs. 12 and
23). Finally, the numerator contains a factor Ω1z − Ω0z
which can be seen as an ellipticity factor associated with
the fact that the surface anisotropy acts only on the x
FIG. 3. Magnetic asymmetry and iDMI contributions to
the frequency non-reciprocity for a typical ferromagnet/heavy
metal bilayer withA = 11.5 pJ/m, µ0Ms = 1 T,Ds = 1 pJ/m,
Kbots = 1 mJ/m
2, and Ktops = 0. The wave vector and applied
magnetic field are k = 7.8 µm−1 and µ0H0 = 37 mT, respec-
tively. The magnetic asymmetry contribution (solid line) is
calculated from Eq. 7 whereas the iDMI contribution (dashed
line) obeys the expression of fDMINR given in the text.
component of the magnetization. In most cases, this fac-
tor remains positive. However, it changes sign close to
the avoided crossing point [22, 23] in the dispersion re-
lation Ω00 = Ω11 and we find it to be responsible for
the saturation observed for the 40 nm film at k between
4 and 8 µm−1. To verify these findings, we have cal-
culated the spin wave non-reciprocity by discretizing the
film thickness into 0.2 nm slabs and diagonalizing numer-
ically the dynamic matrix corresponding to Eq. 1. The
frequency non-reciprocities thus determined are in good
agreement with Eq. 7 over most of the thickness range
investigated. Deviations start to appear for thick films
(t = 40 nm) for which Eq. 7 underestimates the fre-
quency non-reciprocity by a few tens of percents, prob-
ably due to the fact that the perturbation treatment
of surface anisotropies becomes less valid. In the small
thickness limit (kt  1 and Λ2pi2t2  P00, P11, h, ε,Λ2k2)
one obtains from Eq. 7
fNR ' 8γ
pi2
Kbots −Ktops
Ms
k
1 + Λ
2pi2
t2
. (8)
This asymptotic formula explains well the tendency ob-
served in the thin film limit (Fig. 2): a linear dependence
on the wave vector, and a nearly quadratic dependence
on the film thickness.
Let us now discuss the quantitative comparison with
the experimental results. As shown in Fig. 2, the
model reproduces quite well the experimental data using
a single value of the difference in surface anisotropies:
Kbots − Ktops = 0.20 ± 0.01 mJ/m2. The order of mag-
5nitude of this difference is consistent with typical val-
ues reported for surface anisotropies in permalloy films,
which are in the range of 0 − 0.5 mJ/m2 (Refs. 25–27).
At first sight, the large difference may appear surpris-
ing for two nominally identical interfaces (Py/Al2O3 and
Al2O3/Py). However, surface anisotropies are known to
depend quite strongly on the details of the interface struc-
ture, which in turn can dependent on the material depo-
sition sequence. More specifically, we suspect a partial
surface oxidation to play a role in our case [19]. Indeed,
using X-ray photoelectron spectroscopy and polarized
neutron reflectivity, we have detected a non-magnetic
nanometer-thick iron oxide forming mostly at the top
surface, probably during the Al2O3 sputter deposition.
In this picture, one expects a quite pronounced easy-axis
surface anisotropy for the bottom Al2O3/Py interface (as
observed in most ferromagnet/non-magnetic oxide inter-
faces) and a reduced value for the top Py/Al2O3 inter-
face. The sign of the observed frequency non-reciprocity
is consistent with this expectation (i.e. Kbots > K
top
s ).
Note that the determination of the two individual sur-
face anisotropies requires one to estimate their sum, in
addition to their difference. This can be done by mea-
suring the effective magnetization of the films Meff =
Ms− (Kbots +Ktops )/(µ0Mst), using magnetometry tech-
niques or ferromagnetic resonance. In the present case,
we obtain Kbots +K
top
s = 0.1± 0.1 mJ/m2, the large er-
ror bar being due to the partial surface oxidation, which
causes the average saturation magnetization to vary with
film thickness.
Note the deviation between theory and experiment ob-
served for t = 6 nm (Fig. 2). A possible explanation is
the presence of a small Dzyaloshinskii-Moriya interac-
tion. Indeed a value as small as Ds = 0.04 pJ/m at one
of the film interfaces generates an additional contribution
(of the form given below) that explains the values mea-
sured experimentally (dotted lines in Fig. 2). Because
it scales as the inverse of the film thickness, this con-
tribution becomes significant only for the thinnest film
investigated. Such a small value of Ds, about fourty
times smaller than the value observed in Pt/Co/AlOx
ultrathin films [14], seems plausible in a system which
does not contain any heavy metal with strong spin-orbit
interaction.
Let us finally comment on the implications of this work
for recent determinations of the strength of the iDMI in
ferromagnet/heavy metal systems based on MSSW fre-
quency non-reciprocity measurements. We believe that
asymmetric surface anisotropies are always present in
such systems because the top and bottom interfaces sys-
tematically involve very different materials. The MSSW
frequency non-reciprocity induced by iDMI is fDMINR =
2γDsk/(piMst) where Ds is the micromagnetic iDMI con-
stant expressed in J/m [14]. It has the same wave vec-
tor dependence as the magnetic asymmetry contribution
(Eq. 8), but a very distinct dependence on film thickness
(fDMINR ∝ t−1 versus fNR ∝ t2 for the magnetic asymme-
try contribution in the thin film limit). As a consequence,
measurements conducted on ultrathin films (thickness of
a few nm) will generally be dominated by the effect of
iDMI, while measurements on moderately thin films (typ-
ically 20 nm) will generally be dominated by the effect
of magnetic asymmetry, as suggested in Ref. 15. This is
illustrated in Fig. 3, which shows the magnitude of the
two contributions calculated for typical values of Ds and
Ks at ferromagnetic/heavy metal interfaces.
CONCLUSION
In conclusion, we have measured the frequency non-
reciprocity of MSSWs as a function of film thickness and
wave vector and we could account for the observed val-
ues using a simple analytical model of dipole-exchange
spin waves in which asymmetric surface anisotropies
are included as a perturbation. In the context of re-
cent measurements of the iDMI interaction, we believe
that the magnetic asymmetry contribution to MSSW
frequency non-reciprocity is generally present and that
it can be safely neglected only in the ultrathin film
limit. From a more general point of view, MSSW
frequency non-reciprocity measurements on moderately
thin films could be used to probe very accurately dif-
ferent kinds of magnetic asymmetries (differences of sur-
face anisotropies but also gradients of saturation mag-
netization or magnetoelastic anisotropy). This spectro-
scopic method could nicely complement standard mag-
netic measurements which give access to quantities aver-
aged over the film thickness.
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